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 17 
Abstract  18 
This paper shows how to simulate highway traffic flows using a Network-level Traffic Flow 19 
Model (NTFM) for both urban and motorway road networks. It highlights how road 20 
maintenance works can be modelled using a roadwork node in the network, and how the 21 
modelling can be used to predict the effects of maintenance works on the level of service of 22 
the highway network. In particular, the paper aims to show how the theory of vehicle flow 23 
fluctuation can be used within the roadwork node for better representation of reality while 24 
modelling road network flow. The NTFM is illustrated using traffic characteristics and road 25 
maintenance works on a motorway and trunk highway network in China. It is shown how the 26 
proposed method is useful in comparing worksite arrangements and describing the effects on 27 
flow rates due to roadworks.  28 
Keywords: road maintenance, roadwork zone arrangements, network-level traffic flow model, 29 
the theory of vehicle flow fluctuation   30 
 31 
List of notations 32 
𝜔  wave velocity 33 
𝑣1  the travel speed of the traffic flow  before entering the worksite 34 
𝑣2  the travel speed of the traffic flow on the worksite  35 
𝑣3  the travel speed of the traffic flow leaving the worksite 36 
𝑣4  the travel speed of the traffic flow on the worksite at the end of the maintenance 37 
activity 38 
𝑄1  the traffic flow  entering the worksite 39 
𝑄2  the traffic flow  on the worksite 40 
𝑄3  the traffic flow leaving the worksite 41 
𝑄4  the traffic flow on the worksite at the end of the maintenance activity 42 
𝐿  length of the worksite 43 
𝑇    maintenance duration of the woksite 44 
𝑡    the maintenance duration and the time period that the traffic state recovered to normal 45 
condition 46 
α  coefficient to describe the time saved by crossover strategy 47 
β  velocity interference factor 48 
𝑅𝑇   the time ratio of the traffic delays under two roadwork zone arrangements 49 
 50 
1. Introduction   51 
During the last 30 years, China has developed its highway infrastructure. By the end of 2017, 52 
there are 4,773,500 km long highways and 136,500 km long motorways in China (Ministry of 53 
Transport, China, 2019a). In recent years highways agencies have turned their attention from 54 
construction of new roads to maintenance and rehabilitation of existing ones (Ministry of 55 
Transport, China, 2017). Large funds are required to deal with pavement deterioration with 56 
the aim of maintaining the large-sized China highway network in good condition. It is known 57 
that the cost of travel delay to road users usually exceeds the cost of maintenance (Ministry of 58 
Transport, China, 2019b). In order to alleviate travel delays occurred on the highway network, 59 
especially when maintenance activities are taking place, modelling tools, such as the network-60 
level traffic flow model (NTFM), can be utilised to achieve a better decision-making process 61 
for maintenance arrangements, taking into account both maintenance costs and travel delays 62 
(Yang, Remenyte-Prescott et al. 2014, Yang, Remenyte-Prescott et al. 2015). The NTFM can 63 
be used to model the traffic flow rates, travel speed, and queue dynamics in the highway 64 
network under various traffic conditions, making it a suitable platform for setting maintenance 65 
arrangements.  66 
Many macroscopic transportation models have been constructed to evaluate traffic conditions 67 
on the highway network. Lighthill and Whitham (1955) and Richards (Richards 1956) 68 
established the Lighthill-Whitham—Richards (LwR) model based on first order differential 69 
equations to analyse the traffic conditions on a single carriageway with the adoption of 70 
comparability of ‘traffic flow on long crowded roads’ with ‘flood movements in long rivers’. 71 
Payne (Payne 1971) advanced the macroscopic traffic model to a second-order model in 72 
which the dynamic flow phenomena were modelled. Later, cell transmission model (CTM) 73 
was proposed by Daganzo (Daganzo 1994) to evaluate the traffic on a road section with a 74 
single entrance and exit. CTM has been improved to enhance its applicability (Daganzo 1995, 75 
Lo 1999, Lo 2001, Lo, Chang et al. 2001). However, only the road network composed of 76 
signalised junctions can be modelled by CTM. Some work has been devoted to investigate 77 
the traffic at priority junctions, e.g. gap acceptance theory and queuing theory (Kremser 1962, 78 
Kremser 1964, Cowan 1975, Brilon, Koenig et al. 1999, Troutbeck and Kako 1999, Troutbeck 79 
2002), and some of these findings can be inefficient when modelling directional flow and 80 
identifying traffic behaviours at network level (Robinson, Tian et al. 1999, Tian, Troutbeck et 81 
al. 2000, Tracz and Gondek 2000, Ruskin and Wang 2002). In order to make more realistic 82 
traffic simulations, Yang et al. (Yang, Remenyte-Prescott et al. 2014, Yang, Remenyte-83 
Prescott et al. 2015) established NTFM to comprise most of the junction types, such as 84 
signalised junctions, priority junctions and motorway onramps and offramps, and to predict 85 
the traffic flow rates, queues, and travel delays at network level for both urban and motorway 86 
road networks.     87 
The novelty of this paper is that the theory of vehicle flow fluctuation is utilised in the roadwork 88 
node model of the NTFM, previously developed by the authors (Yang, Remenyte-Prescott et 89 
al. 2014, Yang, Remenyte-Prescott et al. 2015), which is then applied to evaluate traffic 90 
conditions on the highway network under various roadwork zone arrangements. This 91 
approach gives an opportunity to model road network flows more realistically, and it can be 92 
further used to optimise road maintenance, for example, to find the best roadwork zone 93 
arrangements, considering the entering traffic flows, time saving coefficient and speed 94 
interference on the road section. The roadwork node model and its underlying methodology is 95 
described in section 2, and the NTFM application and numerical performance on the local 96 
highway network in China under different roadwork zone arrangements is provided in section 97 
3. Final remarks about the modelling technique are given in section 4.   98 
            99 
2. Overview of Network-level Traffic Flow Model (NTFM) 100 
Inthe NTFM, the network is modelled in terms of links, representing roads, and nodes 101 
between them, representing junctions.  102 
2.1 Junction models in NTFM    103 
Traffic flow is calculated through the use of junction sub-models, when separate lanes are 104 
modelled on the road links, and the flow capacity and the capacitance on each lane are 105 
considered. A set of models are established to simulate the traffic dynamics at junctions, as 106 
shown in Table 1. For signalised junctions, the traffic flows from each arm are controlled by 107 
traffic lights. As for the priority junctions, the evaluation of traffic is based on right-of-way 108 
rules, where the entering traffic flow for each arm of the junction is influenced by the flow 109 
capacity and the conflicting traffic flows from competing arms. For one-way junctions, except 110 
the on-ramp, entering flow is only limited by the road section flow capacity, while on-ramp is 111 
evaluated as a priority junction, since the traffic on the ramp must allow the traffic on the 112 
major road to pass before it can join the major road.  113 
Table 1 Junction models in the NTFM 114 
Junction groups  Junction types  
Signalised Junctions  Signalised T-junction Signalised Intersection Signalised Roundabout 
Priority Junctions T-junction Urban Roundabout Motorway Roundabout 
One-way Junctions On-ramp and Off-ramp Merge and Diverge Roadwork node 
2.2 Roadwork node model  115 
A roadwork node model is incorporated into the NTFM model to evaluate maintenance 116 
activities. The implementation of maintenance work on a road link can be represented by 117 
limiting the exiting traffic flow capacity of this link. However, the length and location of 118 
worksite, that are used to define the geometry of worksite, also need to be considered, as 119 
does the link capacitance which changes during maintenance. Therefore, in the NTFM a 120 
special roadwork node is employed to represent the part of road link under maintenance, 121 
which specifies the location of worksite, the length of the worksite, and the number of lanes in 122 
service. A typical roadwork node is shown in Figure 1. 123 
2.2.1 The worksite arrangements of the dual 2 lane carriageway under maintenance 124 
Note that a single carriageway is a road with no central reservation to separate opposing 125 
flows, whereas a dual carriageway has central reservation. As for a dual 2 lane carriageway, a 126 
one-lane closure or a two-lane closure can be used to implement the maintenance actions, 127 
which are depicted in Figure 2a) and 2b) respectively. For a one-lane closure, only one of the 128 
service lanes in one direction is closed owing to maintenance activity, in this case 129 
maintenance has no impact on the traffic flow in the opposite direction. While for a two-lane 130 
closure, both of the service lanes in one direction are closed, and the road at the worksite 131 
becomes effectively a single carriageway.  132 
2.2.2 The theory of vehicle flow fluctuation applied in the roadwork node model  133 
The interface between two different densities of traffic flow is called the traffic flow wave, and 134 
the velocity of traffic flow wave moving along the road is called the wave velocity. The theory 135 
of vehicle flow fluctuation can directly and accurately represent the delay time and queue 136 
length generated in vehicle operation. In this paper, we define: 137 
𝜔 = 𝑣1𝑣2(𝑄2 − 𝑄1) ∕ (𝑄2𝑣1 − 𝑄1𝑣2) 138 
1. 139 
where  140 
𝜔 wave velocity 
𝑣1 the travel speed of the traffic flow before entering the worksite 
𝑣2 the travel speed of the traffic flow on the worksite  
𝑄1 the traffic flow entering the worksite 
𝑄2 the traffic flow on the worksite 
 141 
2.2.2.1 One-lane closure 142 
One-lane closure is a very simple roadwork arrangement, in which one-lane is maintained 143 
before the other. In the case of two lanes in one direction, it is assumed that the vehicle delay 144 
caused by the maintenance of the left lane is the same as the maintenance of the right lane, 145 
and the total time required for the maintenance is equal. 146 
We assume that the length of the worksite is 𝐿 and the travel delay time due to road 147 
maintenance is 𝑇, the traffic flow and speed of each section are represented by 𝑄𝑖 , 𝑣𝑖, the 148 
wave velocity is expressed by 𝜔𝑖, and then a number of cases to calculate the wave velocity 149 
are defined:  150 
𝜔1 = 𝑣1𝑣2(𝑄2 − 𝑄1) ∕ (𝑄2𝑣1 − 𝑄1𝑣2) 151 
2. 152 
𝜔3 = 𝑣2𝑣4(𝑄4 − 𝑄2) ∕ (𝑄4𝑣2 − 𝑄2𝑣4) 153 
3. 154 
𝜔4 = 𝑣3𝑣4(𝑄4 − 𝑄3) ∕ (𝑄4𝑣3 − 𝑄3𝑣4) 155 
4. 156 
𝜔5 = 𝑣1𝑣4(𝑄4 − 𝑄1) ∕ (𝑄4𝑣1 − 𝑄1𝑣4) 157 
5. 158 
𝜔6 = 𝑣2𝑣3(𝑄3 − 𝑄2) ∕ (𝑄3𝑣2 − 𝑄2𝑣3) 159 
6. 160 
where 161 
𝜔1 Velocity of delay wave caused by maintenance at the beginning of worksite 
𝜔3 Velocity of dissipative wave when maintenance ends at the beginning of worksite 
𝜔4 Velocity of dissipative wave when maintenance ends at the end of worksite 
𝜔5 Velocity of delay wave when 𝜔1 meets 𝜔3 first. 
𝜔6 Velocity of dissipative wave when 𝜔3 meets 𝜔4 first. 
For example, if road maintenance section is long enough, 𝜔4 cannot reach the position of 𝜔3 162 
before it catches up with 𝜔1, so 𝜔1 and 𝜔3 will intersect first. At this point, the upstream 163 
cross-sectional flow is 𝑄4 and the downstream cross-sectional flow is 𝑄1 , 𝜔5 is formed, as 164 
shown in Figure 3(a) where the horizontal axis represents time, while the vertical axis 165 
represents distance. If road maintenance section is short, 𝜔4 will pass through the road 166 
maintenance section quickly and reach the position of 𝜔3 before 𝜔3 meet 𝜔1. At this 167 
moment, upstream cross-sectional flow is 𝑄3 and the downstream cross-sectional flow is 𝑄2, 168 
having a new wave velocity 𝜔6, as shown in Figure 3(b). At point A, the delay caused by road 169 
maintenance will completely dissipate, so the abscissa of point A is the total delay time 170 
caused by road maintenance to traffic flow. 171 
By geometric relations: 172 
a. if 𝐿 > 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1), then  173 
traffic delay time due to road maintenance, 𝑡𝑎, is 174 
𝑡𝑎 =
(𝐿(𝜔3 − 𝜔1) + 2𝑇(𝜔1𝜔4 − 𝜔1𝜔3 − 𝜔3𝜔4 + 𝜔3𝜔5))
(𝜔1𝜔4 − 𝜔1𝜔5 − 𝜔3𝜔4 + 𝜔3𝜔5)
⁄  175 
7. 176 
b. if 𝐿 < 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1),  then 177 
Traffic delay time due to road maintenance, 𝑡𝑏, is 178 
𝑡𝑏 =
(𝐿(𝜔3 − 𝜔5) + 2𝑇(𝜔3
2 − 𝜔3𝜔4 − 𝜔3𝜔5 + 𝜔4𝜔5))
(𝜔1𝜔3 − 𝜔1𝜔4 − 𝜔3𝜔5 + 𝜔4𝜔5)
⁄  179 
8. 180 
2.2.2.2 Two-lane closure and crossover 181 
The crossover strategy will maintain all lanes in one direction at a time, and the traffic flow will 182 
travel across the central divider. This will reduce the maintenance duration but will cause 183 
additional delays in both directions.    184 
Two more parameters are introduced to simulate the real traffic characteristics. It is known 185 
that the total maintenance time for the worksite under the crossover maintenance scenario is 186 
less than the time for the worksite under the one-lane closure scenario, thus 𝛼 (the 187 
coefficient for time saved by the crossover strategy) is introduced to indicate the time benefits 188 
of the crossover strategy. During the crossover strategy, the traffic needs to cross the central 189 
divider, but the lack of the divider in the opposite direction leads to the mutual influence of 190 
vehicle in both directions, which result in the speed reduction, denoted by 𝛽 (velocity 191 
interference factor). The traffic condition under the crossover strategy is shown in Figure 4. 192 
Figure 4(b) represents the side of the road with the worksite; Figure 4(a) represents the 193 
opposite side of the road. As above, using the abscissa of point A as the total delay time due 194 
to maintenance work gives the following expressions:  195 
c. In the maintenance direction: 196 




⁄  198 
9. 199 
d. In the opposite direction with 𝐿 > 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1),  200 
Traffic delay time due to road maintenance, 𝑡𝑑, is 201 
𝑡𝑑 = (𝐿𝜈2𝛽(𝜔3 − 𝜔1) + 𝐿𝜔1(𝜔4 − 𝜔3) + 𝐿𝜔3(𝜔5 − 𝜔4)202 
+ 2𝑇𝑣2𝛼𝛽(𝜔1𝜔4 − 𝜔1𝜔3 − 𝜔3𝜔4 + 𝜔3𝜔5))203 
∕ 𝑣2𝛽(𝜔1𝜔4 − 𝜔1𝜔5 − 𝜔3𝜔4 + 𝜔3𝜔5) 204 
10. 205 
e. In the opposite direction with 𝐿 < 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1),  206 
Traffic delay time due to road maintenance, 𝑡𝑒, is 207 
𝑡𝑒 = (𝐿𝜈2𝛽(𝜔3 − 𝜔6) + 𝐿𝜔6(𝜔4 − 𝜔3) + 2𝑇𝑣2𝛼𝛽(𝜔6𝜔4 − 𝜔3𝜔6))208 
∕ 𝑣2𝛽(𝜔1𝜔3 − 𝜔1𝜔4 − 𝜔3𝜔5 + 𝜔4𝜔5) 209 
11. 210 
2.2.2.3 The comparison of traffic delays under two roadwork zone arrangements  211 
In conclusion, if 𝐿 > 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1), the total traffic delay for the two opposite 212 
directions under the two-lance closure and crossover strategy is denoted as 213 
𝑡𝑐𝑟𝑜𝑠𝑠 = 𝑡𝑐 + 𝑡𝑑,  214 
12. 215 
and the time ratio of the traffic delays under two roadwork arrangements is 216 
𝑅𝑇 = (𝑡𝑐 + 𝑡𝑑)/𝑡𝑎; 217 
13.  218 
If 𝐿 < 2𝑇|𝜔1|(𝜔4 − 𝜔3) ∕ (𝜔3 − 𝜔1), the total traffic delay of the two opposite directions under 219 
the two-lance closure and crossover strategy is calculated as 220 
𝑡𝑐𝑟𝑜𝑠𝑠 = 𝑡𝑐 + 𝑡𝑒,  221 
14. 222 
And the time ratio of the traffic delays under two roadwork arrangements is 223 
𝑅𝑇 = (𝑡𝑐 + 𝑡𝑒)/𝑡𝑏. 224 
15.  225 
 226 
3. Model application  227 
To illustrate the performance of the NTFM, using the theory of vehicle flow fluctuation, a case 228 
study based on a local highway network in Shanxi Province and Inner Mongolia Municipality 229 
in China is presented, as shown in Figure 5. The highway network includes both urban road 230 
links and motorway links, which is composed of 7 road sections and 6 junctions, i.e. 4 231 
motorway links, 3 urban road links, 2 on-ramps, 2 off-ramps, and 2 signalised intersections. 232 
Roadworks are introduced to demonstrate the effects of the two worksite arrangements, and 233 
the sensitivity of the two parameters 𝑎 (the coefficient of time saved by the crossover 234 
strategy) and 𝛽 (the velocity interference factor) is analysed concurrently.  235 
Three points (A, B and C) are selected as the maintenance worksites on the network, and the 236 
data needed for the model is obtained through traffic survey. In order to estimate the traffic 237 
delay caused by the maintenance, some appropriate assumptions are made: 238 
a) if maintenance leads to congestion, the traffic flow in the maintenance section will reach 239 
the saturated flow of the single lane, and the driving speed will be reduced to the prescriptive 240 
speed limit; 241 
b) the traffic flow going through the maintenance section should be larger than the flow 242 
entering the section, otherwise the delay will not dissipate, so it is assumed that the leaving 243 
flow is slightly greater than the flow before entering the worksite. Note that these assumptions 244 
are based on the relationship between velocity and density from the Greenshields model 245 
(Greenshields et al., 1935); 246 
c) when the vehicle leaves the maintenance section, its speed will increase due to a better 247 
flow as fewer vehicles will be present. In addition, the speed value is assumed to be between 248 
the speed before entering the maintenance section and the speed of driving through the 249 
maintenance section; 250 
d) when roadworks are completed, due to the availability of the lane(s), it will be some time 251 
before the speed will increase, therefore, the traffic flow will be close to saturation. 252 
e) the traffic flow entering the worksite is constant,  253 
Road network maintenance data and the values of model parameters are given in Table 2 254 
and 3 respectively.   255 
Table 2 Road network maintenance data 256 
Survey Point Direction 𝑄1(𝑝𝑐𝑢 ∕ ℎ) 𝑣1(𝑘𝑚 ∕ ℎ) 
L(Brinkmann, 
Ulmer et al.) 
T(h) 
A 
1* 2500 80 
1 4 
2 2500 80 
B 
1* 2400 80 
1 4 
2 2000 90 
C 
1* 2400 90 
1 4 
2 2800 70 
* road section under maintenance  257 
Table 3 The setting of parameters  258 
𝑸𝒊(𝒑𝒄𝒖 ∕ 𝒉) 
𝑄1 𝑄2 𝑄3 𝑄4 
𝑄1 𝐿𝑞 = 1800 1.1𝑄1 3000 
𝒗𝒊(𝒌𝒎 ∕ 𝒉) 
𝑣1 𝑣2 𝑣3 𝑣4 
𝑣1 10,15,20 (𝑣1 + 𝑣2)/2 1.5𝑣2 
*𝐿𝑞 is the flow capacity for each lane 259 
It is assumed that the length of the maintenance section at the three worksites, A, B and C，260 
is 1 km long and the time required to conduct the maintenance is 4 hours. In Table 2, the 261 
values of traffic flow, Q1, and travel speed, v1, entering the worksite (in two directions 1 and 2) 262 
are given. In Table 3, the values of the traffic flow and travel speed are presented at three 263 
other locations (in addition to entering the worksite): on the worksite (Q2 and v2), leaving the 264 
worksite (Q3 and v3) and on the worksite after the maintenance activity is completed (Q4 and 265 
v4).   266 
 267 
3.1 Worksite A 268 
In worksite A, the maintenance direction and the opposite direction experienced the same 269 
flow, equal to 2500 pcu/h (passenger car unit per hour). Considering different values for the 270 
steady flow before entering the worksite, travel delay time and time ratio of the delays under 271 
two different worksite strategies can be calculated, expressed by using variables 𝛼, 𝛽, 𝑣2. 272 
The abscissa in Figure 6 represents the variation of inflows to the worksite, the ordinate in the 273 
graph on the left represents the travel delays and the ordinate in the graph on the right 274 
represents the time ratio under two worksite arrangements. It can be seen in Figure 6 that the 275 
higher the traffic flow entering the maintenance section, the higher the delay; the lower the 276 
speed limit in the maintenance section, the higher the delay. Furthermore, in the crossover 277 
roadwork arrangement, the speed reduction due to a lack of central divider will also increase 278 
the delay. As shown in the graphs on the right of Figure 6, the time ratio, 𝛼, of the traffic 279 
delays under two worksite arrangements formed horizontal lines when 𝛽 equals to one, this 280 
is due to the fact that 𝑣2 values are the same under the two different arrangements. As the 281 
benchmark determined by 𝛼, variable 𝛽 will cause a different growth trend in the time ratio. 282 
Smaller values of 𝛽 mean that more serious interference of velocity during the maintenance 283 
will lead to longer delays, especially in the case of high values of entering flow. Even without 284 
considering the speed reduction, the total delay (Cross A and Cross B) in the crossover 285 
roadwork arrangement is still slightly larger than in the one-lane closure roadwork 286 
arrangement, but the delay of single direction are both less than one-lane closure. Therefore, 287 
in worksite A, one-lane closure will cause a smaller travel delay than the crossover strategy. 288 
3.2 Worksites B and C 289 
In worksites B and C, flow rates in the maintenance direction and in the opposite direction are 290 
different. For example, the flow in the maintenance direction of worksite B is larger than the 291 
flow in the opposite direction, which is in contrary to worksite C. As above, travel delay time 292 
and time ratio of the delays under two different roadwork arrangements can be calculated.  293 
In Figure 7 the abscissa describes 𝐷ⅈ𝑟1/𝐷ⅈ𝑟2, which is used to represent the ratio between 294 
the entering flow in maintenance direction, 𝐷ⅈ𝑟1, and in the opposite direction, 𝐷ⅈ𝑟2. It can be 295 
seen in Figure 7 that the travel delay on the opposite side will increase due to the increase of 296 
the ratio of entering flow in maintenance direction and the opposite direction, but the 297 
maintenance side delay is only affected by 𝛼, 𝛽 in defining 𝑣2. Again, as shown in the graphs 298 
on the right of Figure 7, 𝛼 forms a cluster of baselines and 𝛽 decides the growth trend of the 299 
time ratio. If the traffic flow on both sides is asymmetrical, the crossover option might have its 300 
advantages compared to the one-lane closure option. If the opposing traffic flow is small, 301 
taking over the opposite lanes will not cause too much delay, therefore, the total delay will be 302 
relatively low. However, the crossover maintenance worksite arrangement becomes desirable 303 
only when the opposite flow is lower than the flow in the maintenance direction, which would 304 
require at least twice as much materials and manpower. Therefore, during the decision-305 
making for worksite B, the values of 𝛼, 𝛽, need to be considered, while for worksite C, the 306 
one-lane closure strategy should be adopted to avoid unnecessary congestion. 307 
4. Discussion  308 
The roadwork node model within the NTFM is used to forecast the traffic movement at the 309 
worksite, and the application of the method is demonstrated on the Shanxi-Neimenggu 310 
highway network in China, considering commonly observed worksite zone arrangements. In 311 
the analysis of the results, it can be seen the suitability of the worksite zone arrangements is 312 
affected by the traffic flow on the network. Specifically, the crossover strategy is more suitable 313 
for a situation that the traffic flow in the opposite direction to the worksite flow is low, because 314 
the lane occupancy will not cause any long delays and the total delay in both directions will be 315 
smaller than the one resulted in by the one-lane closure strategy. However, this result is only 316 
true under certain conditions. For example, it is required that in the crossover strategy the 317 
time needed to carry out maintenance of both lanes in one direction is similar to the time 318 
needed to carry out maintenance of one lane in the one-lane closure strategy. This scenario 319 
requires not only twice as many road workers, but also that the lanes are independent of each 320 
other, which means that it can take twice as many workers to shorten the maintenance time 321 
by 50%. In addition, such an analysis is based on the insufficient capacity of a single lane. 322 
Finally, the difference in cost between the two worksite arrangements is not considered in this 323 
paper, only the delay time is taken into account, and most values of the parameters are 324 
assumed for illustration purposes. Therefore, this analysis method is useful while exploring 325 
worksite arrangements for parts of road network that are sensitive to traffic congestion, and 326 
more detailed traffic flow and worksite arrangement information would be necessary to derive 327 
the values of model parameters. 328 
5. Conclusions  329 
This paper is based on the network traffic flow model (NTFM) which is used to calculate traffic 330 
flows, especially when additional delays on the network are caused by road maintenance. 331 
The main novel features of this study are listed below:   332 
 The theory of vehicle flow fluctuation is incorporated into the NTFM, more specifically, to 333 
model roadworks, and the model is used to calculate the delay time and queue length, 334 
generated by the worksite. 335 
 The traffic delays on the road section under the one-lane closure and the two-lane 336 
closure strategies are investigated, considering three worksites with different features.   337 
 The sensitivity analysis of the coefficient of time saved by the crossover strategy, 𝑎, and 338 
the velocity interference factor, 𝛽, are presented. 339 
 When the traffic flows on both sides are asymmetrical and the flow rate from the worksite 340 
zone direction is relatively high, the two-lane closure and the crossover arrangement on 341 
the worksite is preferable; otherwise, the delay in the two-lane closure and the crossover 342 
arrangement is larger than in the one-lane arrangement.  343 
In addition, a case study has been carried out in order to illustrate how traffic conditions on the 344 
Shanxi-Neimenggu highway network in China can be investigated. Traffic flows and queues 345 
throughout the worksite on the network were calculated under various roadwork zone 346 
arrangements. It is shown how the proposed method is capable of evaluating the traffic 347 
condition of a road network and to demonstrate disturbances due to maintenance activities at 348 
a network level. Further research could be carried out in the area of optimisation of maintenance 349 
arrangements when the inflows to the maintenance area change over time. Further detailed 350 
cases of roadwork zone arrangements could also be modelled, such as speed restrictions in 351 
the one-lane closure case and more detailed modelling of traffic flow at the end of the roadwork 352 
in the two-lane closure case.  353 
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Figure 1. A road section under repair 414 
Figure 2. Dual 2 carriageway worksite arrangements (a) One-lane closure, (b) Two-lane 415 
closure and crossover 416 
Figure 3. One-lane closure space-time (a) Long worksite, (b) Short worksite  417 
Figure 4. Two-lane closure and crossover space-time (a) Maintenance direction, (b) The 418 
opposite direction with long section, (c) The opposite direction with short section 419 
Figure 5. Shanxi and Neimenggu road network 420 
Figure 6 Different maintenance decisions with balance direction (a) 𝑣2 = 10𝑘𝑚/ℎ, (b) 𝑣2 =421 
15𝑘𝑚/ℎ, (c) 𝑣2 = 20𝑘𝑚/ℎ 422 
Figure 7 Different maintenance decisions with asymmetrical flow (a) 𝑣2 = 10𝑘𝑚/ℎ,  (b) 𝑣2 =423 
15𝑘𝑚/ℎ, (c) 𝑣2 = 20𝑘𝑚/ℎ 424 
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